Abstract Recombinant Listeria monocytogenes expressing a type-common herpes simplex virus (HSV) gB-peptide was shown previously to protect against footpad inoculation with HSV-1. We tested this construct for protection against vaginal challenge with HSV-2. Primed mice demonstrated strong recall responses, had modest reductions in HSV-2 DNA in vaginal mucosa, but were not protected from disease.
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Viruses of the family Herpesviridae, genus Simplexvirus, species Human herpesvirus 2 (HHV-2, also known as herpes simplex virus 2 or HSV-2) are the most common cause of genital ulcer disease worldwide [4] . Despite extensive efforts, there are currently no licensed vaccines to prevent HSV acquisition in humans [24] . CD8 + T-cells are critical to immune control of HSV infection [13] . In humans, HSV-specific CD8 + T-cells reside in latently infected ganglia [27] , persist in skin for weeks after resolution of recurrent HSV [30] , and infiltrate recurrent lesions in association with viral clearance [11] . In mice, HSVspecific CD8
+ T-cells in latently infected ganglia control viral reactivation in an interferon-c (IFN-c)-dependent manner [10] . Together, these studies suggest that strategies that prime HSV-specific CD8 + T-cells may confer immunity to primary and reactivation disease.
Experimental HSV infection in mice has identified a dominant H-2 K b -restricted CD8 + T-cell epitope in the gB glycoprotein which accounts for [70% of the cellular HSV-specific immune response [26, 29] . Several investigators have shown that adaptive immunity against this single MHC class I epitope common to HSV-1 and HSV-2 protects C57BL/6 mice against subsequent challenge by various routes [1, 8, 17, 18] . However, none of these studies has evaluated protection against intravaginal HSV-2 challenge.
Live attenuated strains of recombinant Listeria monocytogenes (Lm) are a promising class of vaccine vectors for priming antigen-specific CD8 + T-cell responses to heterologous antigen. In a recent study [18] , we demonstrated that inoculation with recombinant Lm expressing the dominant HSV-gB antigen triggers a robust gB-specific CD8 + T-cell response. We were able to show that these CD8 + T-cells produce IFN-c and that they can protect against lethal HSV-1 challenge in the footpad infection model [18] . In the current study, we examine whether prior inoculation with this recombinant Lm strain can protect against lethal intravaginal challenge with HSV-2.
The attenuated recombinant Lm strains used in this study were derived from LmDactA strain DPL1942 and were transformed by penicillin treatment as described [19] . These Lm mutants contain a targeted deletion in the virulence determinant actA [15] and are thus unable to spread from cell to cell. Transformed strains contain an expression construct containing the Lm hly promoter and signal sequence ligated with DNA sequences expressing the heterologous gene of interest tagged with hemagglutinin [18] . These strains were confirmed to secrete recombinant proteins containing either the type-common HSV gB epitope SSIEFARL [2] (Lm-gB [496] [497] [498] [499] [500] [501] [502] [503] ; gB amino acid numbering is based on HSV-2 strain HG52 [5] ), or a control (irrelevant peptide) sequence derived from Mycobacterium tuberculosis (Lm-ESAT6 2-20 ) [18] . Lm strains were grown and subcultured in brain-heart infusion medium containing chloramphenicol (20 lg/ml) to early log phase (OD 600 0.1). Bacteria were washed and diluted in saline to deliver 1 9 10 6 CFU in 200 ll intravenously into female C57BL/ 6 mice (purchased at 6-8 weeks of age from The Jackson Laboratory and inoculated prior to 10 weeks of age).
HSV-2 strain 186 was grown and titered on mycoplasmafree Vero cells. We sequenced the region of the HSV-2 186 gene containing SSIEFARL and confirmed the presence of this sequence (data not shown). Virus was thawed and diluted in normal saline immediately prior to infection and delivered intravaginally via micropipette in 10 ll. To confer susceptibility, mice were given 2 mg medroxyprogesterone acetate (Pharmacia, Kalamazoo, MI, USA) subcutaneously in 50 ll saline 6 days prior to intravaginal infection as described [21] . After infection, animals were assessed daily for 14-28 days using a clinical scoring system ranging from 0 to 5: 0-no apparent infection, 1-mild redness/swelling of external vagina, 2-moderate redness/swelling of external vagina and surrounding tissue, 3-severe redness/ swelling of external vagina and surrounding tissue, 4-genital ulceration with severe redness, and 5-severe genital ulceration extending to surrounding tissue [7] . Mice with severe clinical disease (limb paralysis, urinary retention, severe worsening lesions) or severe pathology (clinical scores of 5) were sacrificed by CO 2 overdose, as these animals will progress to death [16, 20] .
Peripheral blood was collected by orbital bleed from four mice in each group prior to intravaginal challenge with 5 9 10 5 PFU of HSV-2 (approximately 10 9 LD 50 ). HSV gB epitope-specific CD8 + T-cells were analyzed using H-2 K b DimerX loaded with HSV-2 gB 496-503 peptide according to the manufacturer's instructions (BD Biosciences). By 100 days after inoculation with Lm-gB 496-503 , circulating gB-specific CD8 + T-cells had undergone significant contraction, since they were at background levels comparable to control mice (Fig. 1a) . However, 3 days after intravaginal HSV-2 challenge, mice primed with Lm-gB 496-503 but not Lm-ESAT6 2-20 had a pronounced recall response, evidenced by expansion of peptide-specific T-cells among total circulating CD8 + T-cells (Fig. 1b) . Control mice had a significantly smaller expansion of circulating peptide-specific CD8 + T-cells. To investigate the effect of priming with Lm-gB 496-503 on local viral replication, we quantified HSV-2 DNA from sterile polyester swabs (Copan, Corona, CA, USA) used to collect vaginal secretions from mice prior to and 3 days after challenge. The swabs were immediately placed in digestion buffer [100 mM KCl, 10 mM Tris (pH 8.0), 25 mM EDTA, 0.5% Nonidet P-40] [22] and stored at -20°C. DNA extraction, real-time, quantitative PCR, and inhibition controls for HSV DNA were performed as described [28] . Three days after challenge, no significant differences in HSV DNA copy number in the vaginal mucosa between the two Lm infection groups could be detected (Fig. 2a, Experiment 1 , means compared by unpaired t test). Similarly, no significant differences in mortality were noted between groups of mice (Fig. 2b) . Although there was no difference in mortality between the two groups, a slightly reduced clinical score was noted in the Lm-gB 496-503 group over the first 6-7 days after infection (data not shown).
This apparent lack of protection could have been due to challenge with a dose of HSV-2 which overwhelmed the memory response, or alternatively could have reflected a waning ability of gB-specific T-cells to protect in the late memory phase (challenge 100 days after priming with recombinant Lm). Waning protection has been previously observed for several different HSV vaccine strategies using the immunodominant gB epitope in C57BL/6 mice [8, 17] . Accordingly, a second experiment was conducted using a lower challenge dose (5 9 10 4 PFU, or approximately the LD 50 ), in mice primed with the same Lm strains 30 days prior to challenge. We have previously shown measurable levels of circulating epitope-specific T-cells at this time point after priming [18] . Following challenge at this dose, there was a modest but significant reduction in the amount of HSV-2 DNA recovered from mice primed with Lm-gB 496-503 compared with Lm-ESAT6 [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] (Fig. 2a, Experiment 2) . Surprisingly, this apparent reduction in viral load in mice primed with Lm-gB 496-503 compared with Lm-ESAT6 [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] was not associated with significantly increased rates of survival (Fig. 2c) or reductions in disease score (Fig. 2d) .
The inability of parenteral administration of Lm-gB 496-503 to provide protection against mucosal disease and mortality after intravaginal HSV-2 challenge may be due to several factors. We would not expect the lack of protection in these studies compared to the prior studies [18] to be related to the use of HSV-2 instead of HSV-1 for challenge. The gB epitope is present in both viruses, and previous studies have shown protection against HSV-2 challenge after immunization to promote cellular immunity against this peptide [1] . A second possibility is that epitope-specific T-cell immunity is unable to protect against vaginal challenge. This would not be expected, since prior studies have demonstrated that immunization of mice against the gB epitope protected against intravaginal challenge with HSV-1 [8] ; however, the possibility that cellular immunity cannot specifically protect against intravaginal HSV-2 (as opposed to HSV-1) challenge cannot be excluded. It is also possible that the CD8 + T-cell response promoted by intravenous Lm-HSV infection may have generated responder cells unable to home to the mucosa quickly enough or in sufficient numbers to minimize viral replication or infection of supplying nerves. The factors promoting trafficking of T-cells to mucosal surfaces are not well understood but may involve expression of the skin-homing molecules collectively known as E-selectin ligands by circulating memory T-cells [12, 14] . Importantly, previous studies have demonstrated a dependence on route of immunization for promotion of long-term, mucosally directed CD8 + T-cell responses after immunization [6] . In fact, the prior studies showing protection against HSV-2 intranasal challenge immunized animals with a recombinant vaccinia construct delivered intranasally [1] . Further studies are planned to modify the Lm-based immunization system, including tests of mucosal immunization prior to mucosal challenge, with the intent of promoting long-term, mucosally directed immune responses.
There are advantages and limitations in considering the possible direct application of the described vaccine approaches to control of human disease. Attenuated Lm is safe, may allow delivery of numerous different heterologous antigens, and may lead to immune responses against these antigens [9, 15] . Unlike adenovirus vectors, which have been in development as mucosal vaccine vectors [23] , use of Lm to deliver heterologous antigen may induce specific immunity, even in the presence of preexisting immunity to the bacterium [25] . The HSV gB glycoprotein is unlikely to be a useful single immunogen to promote protective responses in humans [3] ; however, alternative targets of CD8 + T-cell-mediated immunity may allow further development of candidate Lm prophylactic or therapeutic HSV vaccines in humans [13] .
